Metabolic research for herbal medicine (HM) is a formidable task, which is still in its infancy due to complicated components in HM, complex metabolic pathways, and lack of authentic standards. The present work contributes to the development of a powerful technical platform to rapidly identify and classify metabolites of herbal components based on a liquid chromatography hybrid ion trap time-of-flight mass spectrometry. Taking Schisandra lignans extract as an example, the metabolic studies were completed both in vitro and in vivo. In the in vitro study, metabolites for five representative Schisandra lignans were identified and structurally characterized. The major metabolic pathways were summed as demethylation, hydroxylation, and demethylation and hydroxylation. In the in vivo study, 44 metabolites were detected in rat urine. These metabolites were identified and classified rapidly according to the metabolic rules obtained in the in vitro studies, and hydroxylation was confirmed as the primacy metabolic pathway for lignans in rat urine. In addition, "relative cumulative excretion" (RCE) for the metabolites in female and male rats were calculated according to their relative intensities in the urine samples collected at 0 to 12, 12 to 24, and 24 to 36 h. As a result, great gender-related difference on RCE was observed. For most metabolites, RCE in female rats was significantly lower than that in male rats. In conclusion, the presently developed methodology and approach on metabolic research for Schisandra lignans will find its wide use in metabolic studies for herbal medicines.
Introduction
Herbal medicines (HMs) have been used for more than 2000 years, most likely because they are able to control complex disease systems with little expense (Goldrosen and Straus, 2004; Curiati et al., 2005 ). Yet, it is essential to conduct scientific evaluation of pharmacokinetics and biotransformation of HMs to use them in a greater role in the treatment of various diseases (Engel and Straus, 2002; Goldrosen and Straus, 2004) . Metabolic study is crucial in clarifying how active constituents produce the effectiveness of the HM, yet HMs are complex and it is often difficult to determine which component is the active constituent. Furthermore, lacking standards is another challenge in assessing the biotransformation for the constituents in HMs (Huang et al., 2004; Yang et al., 2009; Jiang et al., 2010) .
More recently, high-performance liquid chromatography (HPLC) has been coupled with various mass spectrometry (MS) detectors for analysis of multicomponents in complex medium. Among them, the newly developed hybrid ion trap and time-of-flight mass spectrometry (IT-TOF/MS) was selected for its unmatched sensitivity, accuracy, resolution, and high throughput for the identification of complex compounds in addition to its excellent MS n function (Hao et al., 2008; Zheng et al., 2009) . Liquid chromatography-hybrid ion trap and time-of-flight mass spectrometry (LC-IT-TOF/MS) has been successfully applied to the global identification of target and nontarget components in Shengmai and Mai-Luo-Ning injection, as well as identification of several drug metabolites (Hao et al., 2008; Zheng et al., 2009) .
In the present study, a convincible and generally applicable approach was proposed to identify metabolites of HM based on LC-IT-TOF/MS. Such a strategy was developed from a concept that com-pounds with similar structures have similar metabolic rules, and the metabolism in vitro can be used to predict the metabolic pathways in vivo to some extent (Vickers et al., 1993; Vanden et al., 1998) . Moreover, liver S9 and intestinal S9 fractions can be used as the major tools for studying xenobiotic metabolism in vitro due to the high expression of drug-metabolizing enzymes, including the cytochromes P450, flavin monooxygenases, and UDP-glucuronyl transferases (Mori et al., 1986; Masaki et al., 2007) . Based on the knowledge above, the proposed strategy involves four procedural steps: 1) qualitative analysis of the constituents in HM; 2) in vitro study to identify the metabolites in liver S9/intestinal S9 for representative standards one by one, and summing their metabolic rules; 3) in vivo study to determine the constituents by comparing the profiling of blank and dosed urine, feces, bile etc., and seeking metabolites by comparing the components in HMs and dosed samples; 4) tracing the source of metabolites in vivo for HMs according to the metabolic rules of standards obtained in step 2.
To test this procedure, we used Schisandra lignans extract (SLE). SLE is a well known herbal medicine that possesses several beneficial pharmacological effects, including antihepatotoxic, antiasthmatic, antigastric ulcer, potent antioxidative properties, detoxification, and anticarcinogenic activity (Deng et al., 2008; Xu et al., 2008) . Schisandra lignans are major active compounds of Schisandra chinensis, and metabolism of Schisandra lignans in vitro and in vivo plays an important role in explaining and predicting efficacy and toxicity for the parent compounds. We have previously detected and structurally characterized 20 kinds of Schisandra lignans from Shengmai injection, using a diagnostic fragment-ion-based extension strategy (Zheng et al., 2010) . Afterward, such a strategy was applied for characterizing the lignans components in SLE, and 31 lignans were identified and structurally characterized as shown in Fig. 1 . We confirmed schizandrol A and B, schizandrin A and B, and schisantherin A as the major constituents in SLE. Herein, the metabolism of these five major lignans had been studied in rat liver and intestinal S9 systems, respectively. Their metabolic rules were used to identify and classify metabolites in rat urine rapidly and conveniently. Moreover, a "relative cumulative excretion" (RCE), calculated according to the peak area of extracted ion chromatograms (EICs) from acquisition data, was developed to assess gender difference independent of specific authentic compounds for each metabolite.
People's Republic of China) and kept in an environmentally controlled breeding room for at least 3 days before experimentation. The rats were fed with standard laboratory food and water and fasted overnight but with free access to water before the test. Animal welfare and experimental procedures were strictly in accordance with the guide for the care and use of laboratory animals (Institute of Laboratory Animal Resources, 1996) and the related ethical regulations of our university. The rats were sacrificed by exsanguination from the abdominal aorta under ether anesthesia. Liver S9 fractions were prepared using established procedures (Mori et al., 1986 ) with slight improvement. The procedure is briefly described as follows: The rat livers were blotted dry, weighed, and mixed with 70 mM H 2 PO 4 buffer solution at a ratio of 1 g liver/2 ml of buffer solution. The liver was homogenized by mixing for two 30-s periods at high speed, using a Mixmate Mixer (Eppendorf North America, Waterbury, NY). The homogenized liver was then centrifuged at 4°C for 30 min at 9000g (Eppendorf North America). Aliquots of the resulting supernatant were placed in several polypropylene tubes and stored frozen at Ϫ80°C. Protein contents were determined by the method of Bradford (1976) using bovine serum albumin as the standard.
Intestinal S9 fractions were prepared as described previously (Masaki et al., 2007) . In brief, the intestine was cut longitudinally and the mucosa was removed by gently scraping the inside surface with a metal spatula. Homogenization was performed with a Potter-Elvehjelm homogenizer in ice-cold 50 mM Tris-HCl buffer, pH 7.8, containing 0.25 M sucrose, 0.5 mM EDTA, and 40 g of phenylmethylsulphonyl fluoride/ml. Subsequently, centrifugation at 9750g for 20 min was used to obtain a supernatant fraction containing the cytosol and microsomal fraction, designated the S9 fraction.
Incubations with NADPH in S9 Systems. Ten microliters of schizandrol A and B, schizandrin A and B, and schisantherin A (20 M) were incubated with 20 l of rat liver/intestinal S9 (1 mg/ml) in a medium containing potassium phosphate buffer (0.1 M, pH 7.4) and 10 mM MgCl 2 (20 l). Reactions were initiated by addition of the NADPH-generating system, resulting in a final concentration of 10 mM monosodium D-glucose 6-phosphate, 0.5 mM NADPH, and 1 unit/ml glucose-6-phosphate dehydrogenase, and final volume of the reaction mixture was 200 l. The incubations were carried out at 37°C in a shaking water bath. Control incubations without the NADPHgenerating system were performed under the same conditions. The reactions were terminated by the addition of ice-cold acetonitrile (200 l). Precipitated materials were removed by centrifugation at 40,000g for 10 min at 4°C, and the supernatants were collected for liquid chromatography ionization hybrid ion trap and time-of-flight mass spectrometry (LC-ESI-IT-TOF/MS) analysis.
Drug Administration and Urine Sampling. To collect urine samples, five male rats and five female rats were housed in Nalgene metabolic cages (one rat per cage) and received oral SLE at 500 mg/kg (via gavage). Urine samples were collected from three rats at 0 to 12, 12 to 24, and 24 to 36 h after dosing. All samples were stored at Ϫ20°C until analysis. Solid-phase extraction with a C18 cartridge was used to purify the urine samples. Before extraction, the cartridge was conditioned with 1 ml of methanol followed by 1 ml of water. During the sample passing through the cartridge, 2 ml of water was added to remove the impurity. Then, the analytes adsorbed on the stationary phase were eluted by 1 ml of methanol. The methanol effluent was centrifuged at 40,000 rpm for 10 min at 4°C, and 5 l of supernatant was injected into the LC-IT-TOF/MS system. Liquid Chromatography to Determine Schisandra Lignans. LC experiments were conducted on a HPLC system consisting of an LC-20AD binary pump, DGU-14A degasser, SIL-20AD autosampler, and a CTO-20AC column oven (Shimadu, Kyoto, Japan). Chromatographic separation was achieved on a SymmetryShield RP8 column (3.5 m, 50 ϫ 2.1 mm i.d.; Waters, Milford, MA) at 40°C. The mobile phase (delivered at 0.2 ml/min) consisted of solvent A, CH 3 OH/H 2 O (5:95, v/v, containing 1.0 M NaAc) and solvent B, CH 3 OH/ H 2 O (95:5, v/v, containing 1.0 M NaAc). To indentify the metabolites of the five major Schisandra lignans in S9 systems rapidly, and to isolate the parent components and metabolites of SLE in rat urine effectively, two gradient elution modes (GEMs) were carried in this study. For GEM1: initial 60% B for 6.0 min, linear gradient 60 to 90% B from 6.0 to 8.0 min and maintained for 3 min, then quickly returned to initial 60% B and maintained until 15 min for column balance. For GEM2: initial 55% B for 0.2 min, linear gradient 55 to 65% B from 0.2 to 25.0 min and 65 to 85% B from 25.0 to 40.0 min, then quickly returned to initial 55% B and maintained until 48 min for column balance.
ESI-IT-TOF Mass Spectrometry. The mass spectrometer of LC-IT-TOF/MS (Shimadzu, Kyoto, Japan) was equipped with an ESI source in positive ion mode at a full width at half maximum. The optimized analytical conditions were as follows: detector voltage, 1.60 kV; nebulizing gas (N 2 ) flow, 1.5 l/min; dry gas (N 2 ) flow, 50 kPa; scan range, m/z 350 to 800 for MS 1 , 100 to 600 for MS 2 , and 50 to 500 for MS 3 ; ultrahigh purity argon was used as the collision gas for collision-induced dissociation (CID) experiments, and the collision energy was set at 50% for MS 2 and 100% for MS 3 ; pressure of TOF region, 1.5 ϫ 10 Ϫ4 Pa; ion trap pressure, 1.7 ϫ 10 Ϫ2 Pa; ion accumulated time, 50 ms; precursor ion selected width, 3.0 amu. Accurate mass determination was corrected by calibration using the sodium trifluoroacetate clusters as reference. Shimadzu's Composition Formula Predictor software was used to verify identifications for Schisandra lignans.
Systematic Workflow. The systematic workflow is schematically depicted in Fig. 2 . In step 1, the phase I metabolites in liver S9 for the major lignans (schizandrol A and B, schizandrin A and B, and schisantherin A) were identified and structurally characterized based on the accurate MS and MS n measured by LC-ESI-IT-TOF/MS, and the metabolic rules were summed for the Schisandra lignans. In step 2, we identified the metabolites in intestinal S9 for the five major lignans and tried to sum up the metabolic rules for Schisandra lignans. In step 3, we analyzed blank and dosed rat urine using LC-IT-TOF/MS and picked up all the constituents that only appeared in dosed samples, and then we compared data between the blank and dosed rat using Profiling Solution software; in step 4, we searched for metabolites by comparing the components in SLE and dosed samples; we then inferred the source of metabolites based on the metabolic rules summed in steps 1 and 2.
Results

Phase I Metabolites of Five Major Lignans in Female and Male
Liver S9 Systems (Step 1). Schizandrol A and B, schizandrin A and B, and schisantherin A (20 M) were incubated in both the presence and absence of the NADPH-generating system with female and male rat liver S9 fractions one by one. The LC separation was carried out under GEM1 mode, and the eluate from HPLC was analyzed by IT-TOF mass spectrometer. Targeted data analysis was carried out with the aid of MetID solution software, which uses an extensive list of potential biotransformation reactions (e.g., methylation, hydroxylation, demethylation, etc.), in conjunction with the elemental compositions of the parent molecules, to generate a series of EICs from acquisition data sets of MS. All of the selected precursor ions were subjected to up to MS 3 experiments, and two collision energies at 50 and 100% were applied to all precursor ion fragmentations to generate sufficient product ions effectively. The MS n spectra of all the metabolites of schizandrol A and B, schizandrin A and B, and schisantherin A had been shown in Supplemental Fig. 1 , and the relevant results (retention time, formula, accurate mass, mass error, fragment ions and so on) are listed in Table 1 .
The fragment pathways of parent compounds were proposed according to the accurate MS n data to facilitate metabolite identification. Taking schizandrol A as an example, the product ions at m/z 440.1765 When schizandrol A (C 24 H 32 O 7 ) was incubated with female rat liver S9 in presence of NADPH, four major suspected phase I metabolites were found with the aid of MetID solution software. The EICs of schizandrol A and its possible metabolites are shown in Fig. 3A . No metabolite was detected in the absence of the NADPHgenerating system. The major metabolite was I-M3, which was calculated as C 24 H 32 O 8 by the Formula Predictor software according to the determined accurate mass. Thus, I-M3 (addition of O) was preliminarily elucidated as the hydroxylation product of schizandrol A. To pinpoint the site of hydroxylation in this metabolite, we compared the MS n data from I-M3 with the corresponding data of the parent drug. The fragment obtained from the precursor (m/z 471.1985) showed major product ions at m/z 456.1724 and 425.1583, which could lead to MS 3 product ions at m/z 295.1509 and 273.1213, respectively. On the basis of the elemental compositions of fragment ions and structure of the parent molecule, the most likely hydroxylation position was located at C-4 of A ring, and the possible structure and proposed fragmentation pathways of I-M3 were shown in Fig. 3E . The results also demonstrated that the hydroxylation was the predominant metabolic pathway of schizandrol A in female rat liver S9. In addition, two demethylation metabolites (I-M2 and I-M4) and a demethylation-hydroxylation metabolite (I-M1) were found in this system by comparison with schizandrol A, and the locations of reactions were concluded based on their proposed fragmentation pathways (as shown in Fig. 3 ). In contrast, only two metabolites (I-M1 and I-M4) were found when schizandrol A was incubated with male rat liver S9 in presence of NADPH (see Fig. 3B ). The major metabolite was I-M1, whereas I-M4 was produced at levels close to the lowest limit of detection.
When schizandrol B (C 23 H 28 O 7 ) was incubated with female and male rat liver S9 and NADPH, six metabolites were identified by comparing the mass profiling with that of incubation system without NADPH. From the EICs of schizandrol B and its metabolites in female and male rat liver S9 (Fig. 4, A and B) , we could find that II-M4 was the major metabolite, and the intensity of II-M4 in male rat liver S9 was much higher than that in female rat liver S9. Likewise, the intensities of II-M2 and II-M3 in male rat liver S9 were also higher than that in female. As expected, the peak area of schizandrol B in female rat liver was 3-fold larger than that in the male. The types of metabolic reactions were deduced as demethylation (II-M1, II-M5, and II-M6), hydroxylation (II-M4), and demethylation-hydroxylation (II-M1 and II-M5), respectively. Structural characterization for these metabolites was completed based on their proposed fragmentation pathways (as shown in Fig.  4 
, C-H).
After schisantherin A (C 30 H 32 O 9 ) was incubated with rat liver S9 in presence of NADPH, four major suspected metabolites were found in male rat liver S9 with the aid of MetID solution software. III-M2, one of the hydroxylation metabolites, was a male rat-specific metabolite 
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at ASPET Journals on July 3, 2017 dmd.aspetjournals.org Downloaded from female rat liver S9 in the presence of NADPH. In addition, the EICs of schizandrin A and its metabolites in female and male rat liver S9 system were shown in Fig. 6 , A and B. IV-M4 and IV-M7 were female rat-specific metabolites and could only be produced under the catalysis of the NADPH-independent female S9 enzymes. IV-M2, a demethylation-hydroxylation metabolite, was only detected in the male rat liver S9 system. As a result, gender difference on the metabolites and schizandrin A was obvious, and the peak area of schizandrin A in female rat liver was 6.5-fold larger than that in male. The procedure of structural characterization for these seven metabolites is shown in Fig. 6 , C-H.
After incubating schizandrin B (C 23 H 28 O 6 ) with rat liver S9 system supplemented with NADPH, six metabolites were identified with the aid of MetID solution software. The EICs of schizandrin B and its metabolites in female and male rat liver S9 system are shown in Fig. 7, A and B, respectively. Great gender difference was found easily because the intensities of these metabolites produced in male rat liver S9 system was much higher than that produced in female rat liver S9. As expected, the peak area of schizandrin B in female rat liver S9 system was 13-fold larger than that in male. V-M1 and V-M3, characterized with same sodium adduct ion at m/z 453.1873 and predicted elemental composition of C 24 H 30 O 7 , suggested that they were the demethylation and hydroxylation product at different positions. V-M2 (m/z 425.1568, C 22 H 26 O 7 ) was proposed as a demethylation-hydroxylation metabolite. V-M4 (m/z 439.1717), eluted at 9.39 min, was tentatively presumed to be the hydroxylation metabolites of schizandrin B according to their predicted elemental composition (C 23 H 28 O 7 ). V-M5 and V-M6, which showed major sodium adduct ion at m/z 409.1615 and m/z 409.1616 and the same predicted elemental composition of C 22 H 26 O 6 , were both deduced as the demethylation metabolites of schizandrin B. Then, the locations of reactions were concluded based on their proposed fragmentation pathways (as shown in Fig. 7 , C and G).
In conclusion, the major metabolic pathways for all of these five lignans were summed as demethylation (ϪCH 3 ), hydroxylation (ϩOH), and demethylation and hydroxylation (ϪCH 3 and ϩOH). In addition, a great difference in metabolism has been found between female and male rats. In female rats, the major metabolic pathways were demethylation and hydroxylation, and the demethylate and hydroxylate (ϪCH 3 and ϩOH) metabolite was not found. In contrast, the intensities of the metabolites formed by demethylation and hydroxylation (ϪCH 3 and ϩOH) was found to be much higher than the other metabolites. The probability of the metabolic pathways for Schisandra lignans was calculated according to the abundances of the metabolites in female and male rat liver S9 (illustrated in Fig. 8) .
Phase I Metabolites of Five Major Lignans in Female and Male Intestinal S9 System (Step 2). Schizandrol A and B, schizandrin A and B, and schisantherin A (20 M) were also incubated both in the presence and absence of the NADPH-generating system with female and male rat intestinal S9 fractions. In the presence of both rat intestinal S9 and NADPH, LC-IT-TOF/MS analysis indicated that most of the metabolites produced in rat liver S9 system were also detected in rat intestinal S9 system. However, the amount of the metabolites was far less than that in rat liver S9 system.
Taking schizandrol A as an example, the four metabolites that appeared in the rat liver S9 system were also detected in female and male intestinal liver S9 supplemented with NADPH. In comparisons between genders, the peak area of these metabolites and the parent drug in female intestinal S9 were similar to those in males. In addition to II-M1, the other five metabolites that appeared in rat liver S9 system were also detected in intestinal S9 when schizandrol B was 
at ASPET Journals on July 3, 2017 dmd.aspetjournals.org incubated with rat intestinal S9 supplemented with NADPH. As a result, the amount of these metabolites in female and male rats was not significantly different. When schisantherin A was incubated with rat intestinal S9 in presence of NADPH, all four metabolites that appeared in rat liver S9 system were detected, although the amount of III-M2 and III-M3 was close to the limit of quantification. After incubating schizandrin A with female and male rat intestinal S9 in the presence of NADPH, only two metabolites (IV-M3 and IV-M3) were detected, and the amount was far less than that in rat liver S9 system. In addition to V-M1, the other six metabolites that appeared in rat liver S9 system were also detected in intestinal S9 when schizandrin B was incubated with rat intestinal S9 supplemented with NADPH. Likewise, the amount of these metabolites in female and male rats was not significantly different.
Identify and Classify Metabolites for SLE in Rat Urine (Steps 3 and 4).
Rat urine collected at 0, 0 to 12, 12 to 24, and 24 to 48 h after an intragastric administration of SLE (500 mg/kg) was used to identify the potential metabolites of lignan components. The LC separation was carried under GEM2 mode because the components to be separated were very complex, and the eluate from HPLC was analyzed by IT-TOF mass spectrometry. The positive mode gave [MϩH] ϩ and/or [MϩNa] ϩ as pseudo-molecular ions, whereas there was no signal detected in the negative ion scan mode. All of these ions were subjected to up to MS 3 experiments, and two collision energies at 50 and 100% were applied to all precursor ions fragmentations to generate sufficient product ions effectively.
In this process, a simple five-step approach was developed to facilitate the identification of metabolites in rat urine. First, we established a database of metabolites based on the metabolic rules of the five lignans in vitro and the exact m/z of 31 lignans in SLE. Second step, the endogenous interferences were rapidly excluded by comparing the mass profiles of the dosed urine samples with that of the blank rat urine using Profiling software (Shimadzu). Third, the parent lignans components in urine were readily characterized by comparing 
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at ASPET Journals on July 3, 2017 dmd.aspetjournals.org the mass profiles of urine samples after SLE dosage with that of SLE per se. Fourth step, the remaining peaks in the dosed urine after the second and third step of exclusions were treated as potential metabolites, and we could calculate the formula according to the exact m/z of these potential metabolites. Finally, the metabolites were classified by comparing the formula proposed in the first step with those calculated in the fourth step. The results of the classification could be further validated according to their retention time and accurate MS/MS n . The in vitro metabolism of five representative lignans in SLE had been studied, and intestinal S9 and demethylation (ϪCH 3 ), hydroxylation (ϩOH), and demethylation-hydroxylation (ϪCH 3 ϩOH) were identified as the primary metabolic pathways. Tentatively, at least 93 metabolites could be inferred easily based on the above studies, and the empirical formula for these parent lignans and their potential metabolites were calculated and listed in a formula library established by the author. After comparing the mass spectra of dosed urine samples with that of the blank rat urine by Profiling software (Shimadzu), 62 lignan compounds were detected in the dosed urine samples of male and female rats. Then, these lignan compounds in the dosed urine samples were compared with constitute of SLE per se, and 18 compounds in female and male rat urine were confirmed as parent compounds. Forty-four metabolites were found in rat urine (data shown in Fig. 9 ). The formula of these nontargeted metabolites were calculated by Formula Predictor software (Shimadzu) according to their exact m/z determined by LC-IT-TOF/MS (data shown in Supplemental Table S1 ) and then matched with those in the formula library established previously. In this procedure, most of the potential metabolites were classified because their corresponding parent compounds were identified and the metabolic pathways were proposed. These metabolites were further verified according to their retention time and fragment ions, and the detailed MS n information had been shown in Table S1 , and nearly all the mass errors of MS and MS n were Ͻ5 ppm. As seen in Table 2 , 20 hydroxylated and seven demethylated metabolites were classified in this process. Eight demethylated-hydroxylated metabolites were also located in both male and female rat urine. More importantly, these biotransformations were found to occur on gomisin O/epigomisin O, gomisin T-ol, schizandrol A, schizandrol B, tigloyl/angeloylgomisin H, tigloyl/angeloylgomisin P, angeloylgomisin Q, gomisin D, gomisin F, schisantherin C, and schisantherin B. M21 (m/z 541.1824), eluted at 10.6 min, was tentatively identified as a hydrate metabolite of tigloyl/angeloylgomisin H. M27 (m/z 553.2408) and M37 (m/z 567.1956) were identified as methylated-hydroxylated metabolites of tigloyl/angeloylgomisin H and schisantherin C, respectively.
Glucuronidation experiments were also conducted by incubating schizandrol A and B, schizandrin A and B, and schisantherin A with S9 (either liver or intestinal) together with saccharolactone (5 mM, final concentration) and magnesium chloride (1 mM, final concentration) at a protein concentration of 1 mg/ml, respectively. To start the reaction, UDP-glucuronic acid [(UDPGA) 5 mM, final concentration] was added and the final volume of the reaction mixture was 200 l. As a result, the relative intensities of schizandrol A and B, schizandrin A and B, and schisantherin A in the presence of the UDPGA-generating system were similar to those in the absence of the UDPGA-generating system, and no glucuronide conjugate was observed in these in vitro incubations. Three glucuronide conjugates (M42, M43, and M44) were observed in male rat urine, and M45 was also observed in female rat urine. M42, eluted at 4.3 min, exhibited a molecular ion at m/z 617.2059 in the positive ESI MS spectrum. In the MS/MS/CID experiment, one major product ion at m/z 441.1882 (C 23 H 30 O 7 ) was formed by a neutral loss of 176.0196, which suggests that glucuronidation had occurred in this metabolic process. After comparing the formula of this fragment with that of lignans in SLE, we identified the parent compound of M42 as gomisin or gomisin T-ol because their formula (C 23 H 30 O 7 ) could match perfectly with that of the product ion (m/z 441.1882). Likewise, the formula of metabolite M43 was calculated as C 28 H 36 O 14 by the Formula Predictor software according to the accurate mass measurements (m/z 619.1933), and the LC retention time was approximately 4.1 min. The fragment ion at m/z 443.1682 (C 22 H 28 O 8 ) resulted from the loss of a glucuronide moiety as a neutral fragment, and this metabolite was identified as glucuronide conjugate of demethylated-hydroxylated gomisin and/or gomisin T-ol. M44, eluted at 3.9 min, was calculated as C 29 H 42 O 14 by the Formula Predictor software according to the accurate mass measurements (m/z 633.2111) and appeared in both female and male rat urine. Based on the approach stated above, this metabolite was confirmed as the demethylated-hydroxylated schizandrol A. In addition, we also tried many ways to search for sulfate metabolites in in vitro and in vivo systems; however, no single sulfate metabolites were observed in the rat urine and the liver/intestinal S9 sulfation metabolic systems.
Gender differences were also investigated according to the cumulative excretion of the 44 metabolites. In this procedure, RCE was calculated by numeric integration of the amount (peak area of EICs*Volume) excreted per collection interval (0 -12, 12-24, and 24 -48 h) . As a result, great gender-related differences on RCE were observed. For most metabolites, RCE in female rats was significantly lower than that in male rats (illustrated in Fig. 10 ).
Discussion
Herbal medicine is always defined as a therapeutic regimen that, rather than consisting of a single compound that interacts with a single target, is a concerted pharmacological intervention of several compounds that interact with multiple targets (Arteaga, 2003; Kong et al., 2008) . Due to the diverse biological activities and medicinal potentials of natural products, nearly every civilization has accumulated experience and knowledge of their use (Pomeranz and Warma, 1988; Rackley et al., 2006) . More recently, Western pharmaceutical companies quickly began to prefer purified natural products as ingredients to make drugs rather than crude extracts (Yuan and Lin, 2000; Li and Zhang, 2008) . Nevertheless, there is a huge challenge in identifying natural compounds or naturally inspired compounds that can be combined to be effective against disease. In addition, the enormous number of possible metabolites in vivo, the inherent risks of harmful drug-drug interactions, and the unpredictable pharmacokinetic properties of multicomponent formulations must still be addressed. As pointed out above, the metabolic research for herbal medicine is not only critical to the modernization of HM per se, but it is also important to the development of new drugs.
However, metabolic study for herbal medicine is a formidable task due to the following challenges: 1) HM is a complex system because, in most cases, medicinal plants comprise hundreds of different constituents with diverse chemical and physical properties; 2) it is very difficult to classify the metabolites due to complex metabolic pathways and various parent compounds; 3) most of components are unknown (nontarget); 4) the lack of authentic reference standards constituents is another great and longstanding obstacle in charactering herbal metabolism; and 5) it is very feasible to prepare the metabolites by preparative HPLC because the good separation for such complex components is almost impossible.
The present study contributes to the development of a systematic methodology in addressing the critical problems underlined in the 1756 LIANG ET AL.
at ASPET Journals on July 3, 2017 dmd.aspetjournals.org field of herbal metabolism, including the identification and classification of metabolites, based on a single LC-IT-TOF/MS platform (Fig. 11) . Herein, the proposed systematic mythology based on LC-IT-TOF/MS platform was successfully used to indentify and classify the metabolites for Schisandra lignans. First, diagnostic fragment-ionbased extension strategy was used for the rapid identification of lignans in SLE, and 31 kinds of lignans were structurally characterized in this process. Second, the metabolic fate for five major lignan components with authentic standards was studied one by one in liver and intestinal S9 systems according to the accurate mass measurement FIG. 9 . EICs of a blank urine sample and a dosed urine sample collected from male rats. Top, blank urine of a male rat; Bottom, male rat urine collected during 0 to 12 h after dosing SLE at 500 mg/kg.
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at ASPET Journals on July 3, 2017 dmd.aspetjournals.org Downloaded from for MS and MS n based on LC-IT-TOF/MS. The primary biotransformation, including demethylation (ϪCH 3 ), hydroxylation (ϩOH), and demethylation-hydroxylation (ϪCH 3 ϩOH) were summarized for schizandrol A and B, schizandrin A and B, and schisantherin A. In general, the metabolic research in vivo and in vitro was in high correlation, and the diversity of lignans in SLE was multiplied by the composition of methyl and hydroxyl numbers, branching patterns, and the type of substitution Lu and Chen, 2009 ). Thus, the metabolites in vivo for the 31 lignans could be easily traced based on the metabolic pathways of the known lignan standards. Finally, there are dozens of metabolites predicted that were not detected in rat urine. The main reasons for this could be summed up as follows: 1) there was a large dynamic range of concentration scales for the parent compounds in SLE; 2) to some extent, metabolic capabilities have differences for different lignans; and 3) the concentrations of several metabolites were below the lowest limits of detection. In addition, several metabolites, e.g., hydration and methylation metabolites, could not be detected in vitro but were found in vivo. This result was certainly due to the more complex types of metabolic enzymes in vivo rather than those in vitro.
Gender difference in pharmacokinetics characterizes many drugs and contribute to individual differences in drug efficacy and toxicity (Fletcher et al., 1994; Franconi et al., 2007) . Gender-based differences in drug metabolism are the primary cause of sex-dependent pharmacokinetics and reflect underlying sex differences in the expression of hepatic enzymes active in the metabolism of drugs, steroids, fatty acids, and environmental chemicals, including cytochromes P450 (P450s), sulfotransferases, glutathione transferases, and UDP-glucuronosyltransferases (Pierce et al., 2009) . Studies in the rat and mouse liver models have identified more than 1000 genes whose expression is sex-dependent; together, these genes impart substantial sexual dimorphism to liver metabolic function and pathophysiology (Yang et al., 2006; Chouinard et al., 2008; Wauthier and Waxman, 2008) . In this work, the peak area of the parent compounds in female rat liver S9 system was found to be much higher than that in male rat liver S9 system after incubating schizandrol A and B and schizandrin A and B with rat liver S9 in the presence of the NADPH-generating system. In this procedure, gender difference was also found in both the type and the relative amount of metabolites. In the subsequent in vivo experiments, a RCE, calculated by numeric integration of the amount (peak area of EICs*Volume) excreted per collection interval (0 -6, 6 -12, 12-24, and 24 -48 h) , was developed to assess the relative amount of each metabolite in male and female rat urine independent of specific 
